Myocytes that survive in the epicardial border zone of the healing canine infarcted heart provide the substrate for inducible reentrant ventricular arrhythmias. These myocytes have been shown to have altered Ca 2q currents which could impact on Ca homeostasis in these i cells. Objective and Methods: To directly measure and compare intracellular Ca 2q transients and cell shortening in myocytes dispersed from control noninfarcted hearts with those from epicardial border zone of 5 day infarcted canine hearts using the Ca 2q sensitive indicator fura-2rAM. Studies were designed to determine and compare the effects of rate and premature stimulation on intracellular Ca 2q Ž . in the two cell types. Results: Epicardial cells from noninfarcted hearts 1 exhibited an increase in amplitude of the fura-2 ratio with Ž . Ž . decreasing pacing cycle length CL , while cells from the infarcted heart showed the opposite effect; 2 showed more marked Ž . acceleration of relaxation of the Ca transient with decreasing CL than myocytes from the infarcted heart; 3 exhibited little or no post i Ž . rest potentiation in contrast to cells from the infarcted heart; and 4 showed a more rapid recovery during restitution protocols than cells from the infarcted heart. Cell shortening differences were also observed between cell populations in that most cells from the infarcted zone did not show any degree of cell shortening despite the reasonable intracellular Ca 2q transient. Conclusions: The handling of intracellular Ca 2q in myocytes that have survived in the epicardial border zone is very different from that of normal epicardial myocytes suggesting that there may exist marked heterogeneity in intracellular Ca 2q handling in cells in the in situ healing infarcted heart. Electrophysiologic implications of these findings are discussed.
Introduction
Several studies have shown that with acute ischemia, 'ischemic' conditions or metabolic inhibition, intracellular w x Ca is elevated 1-9 . In their series of studies, Clusin and i w x Lee 10 also suggested that electrical alternans observed during an acute ischemic episode may be caused by Ca i transient alternans. In this scheme, subsequent alteration of action potential duration was then due to intracellular Ca i Ž . regulating or modulating transmembrane ionic currents. Other studies have now documented abnormal Ca hani w x w x dling in tissues [11] [12] [13] failing human or experimentally induced failing and hyperw x trophied ventricle [15] [16] [17] [18] [19] or from regions remote to a w x myocardial infarction 20,21 . However, little is known at this time about Ca homeostasis in myocytes that have i survived in the infarcted heart, particularly in myocytes of Ž . the epicardial border zone EBZ of the 5 day healing infarcted heart. These latter myocytes provide the substrate w x for the well documented 22 ventricular tachycardias that are secondary to reentrant excitation and inducible with w x electrical pacing [23] [24] [25] . It has been clearly established that electrical remodelling has occurred in these myocytes by 5 days post total coronary artery occlusion. In particular, marked triangularization of the transmembrane action potential has been defined in fibers of the 5 day epicardial w x border zone of the canine infarcted heart 22,26 . Impor- that survive in the 5 day infarcted heart. Therefore, in this study, we have directly measured Ca i transients in myocytes from control noninfarcted and 5 day infarcted hearts using the Ca 2q sensitive indicator fura-2. These studies were completed under normal conditions Ž . e.g. no intracellular dialysis using different pacing paradigms designed to determine and compare the effects of rate and premature stimulation on Ca handling and i subsequent cell shortening in the two cell types.
Methods

Cell preparation
Epicardial myocytes were dispersed using an enzymatic technique from epicardium of normal noninfarcted hearts Ž . NZs and from the epicardial border zone of the 5 day Ž . w x infarcted canine heart IZs 27 . Infarction was produced in these hearts by total occlusion of left coronary artery w x using the Harris procedure 32 . Previous studies from our laboratory have established that this preparation is a single w x cell model suitable for both electrical 27,28 and fluorescent studies.
Experimental protocol
Cell selection for fluorescent measurements
Cells were selected for study based on our previously w x determined criteria 27,28 . That is, only NZs that were rod shaped with staircase ends, clear striations and surface membrane free of blebs were used. Additionally, they had to be capable of eliciting a Ca transient with field stimulai Ž . tion at a long pacing cycle length CL . IZs had a ruffled appearance, appeared less rod shaped with somewhat irregw x ular striations. Additionally, as has been stated before 27 , small dark droplets were apparent in IZs and used to identify the myocytes that have survived infarction. We have previously established that IZs possessing these specific morphological characteristics exhibit abnormal transmembrane voltage profiles similar to those observed in w x multicellular preparations 22,26,27 . Cell shortening was not used as a criterion for cell selection since it was found Ž . to be variable in IZs see Section 3 .
Fluorescentr cell length measures -data acquisition
Methods used for determining changes in intracellular Ž . Ca Ca and cell shortening in acutely dissociated adult i myocytes in response to field stimulation have been previw x ously described 33 . First, background fluorescent measurements were completed on 8 cells before loading. These values ranged from 100 to 130K counts for NZs and 100 to 135K counts for IZs at the two excitation wavelengths. Average values for each preparation were obtained and then used for on line correction of measured ratio values for all cells studied on that day. Then dispersed myocytes were loaded with the ester form of fura-2 fluorescent indicator by incubating an aliquot of cell suspension with 2-4 mM fura-2rAM and 1-2 ml of 25% pluronic in 1 ml Ž normal Tyrode's solution for 20 min room temperature, . 21-238C . After loading, cells were superfused with Tyrode's solution for at least 20 min before recordings began. This period of time allowed for deesterification of dye. Only cells showing readings of 2-4 times background Ž . fluorescence at 380 nm excitation at rest were selected for pacing studies.
Changes in a cell's fluorescence were monitored by illuminating the cell with 340 and 380 nm light and measuring emission signals at 520 nm. Fluorescence data Ž . were acquired at 100 Hz sampling rate 100 ratio valuesrs during the various protocols using Deltascan hardware and Ž . software Photon Technology International . In the reported data below, all changes in Ca are depicted as i changes in the ratio of 340r380 signal.
Since For some cells in each group, the degree of cell shortening in response to pacing paradigms was determined at the ( )same time as the change in Ca . To measure the degree of i cell shortening, cells were illuminated with red light and a dichroic beam splitter in the emission path was used to direct the fluorescent and transmitted light to a photomultiplier and video camera, respectively. The relative position of the cell ends was monitored using a video edge detector Ž . device Crescent Electronics . The analog signal from the edge detector was calibrated so as to determine the relative cell shortening in microns. Signals are generated by the edge detector with 60 Hz temporal resolution, then digitized and collected with the fura-2 signal data at the 100 Hz sampling rate. All signals were collected on a 486 Ž . computer Dell as well as continuously monitored using a Ž . 4 channel chart recorder Gould .
Experimental pacing protocols in loaded cells
Frequency-dependent protocols -During experiments, cells were continuously superfused with normal Tyrode's Ž solution in mMrl: NaCl 137, NaHCO 24, NaH PO 1.8, Ž . 21-238C . Electrical pacing of myocytes was accomplished by field stimulation using a pair of thin platinum wires embedded in the walls of the superfusion chamber Ž . vol.s 0.25 ml . Threshold was determined for each cell and two times threshold was used. Pacing paradigms were generated using a computer-controlled signal generator and Ž . isolated current generator GRASS Instruments . Cells were Ž . usually driven at 2 s basic cycle length CL unless Ž . Ž . changed to the slower 5 s or faster rate 1 s . As expected changes in Ca transient were not instantaneous however a i change in the width of the Ca transient in NZs occurred i within 4-10 beats at new CL. Therefore, cells were driven at the new CL until achieving steady-state before measurements were made.
For determination of each cell's response to change in rate, six consecutive fluorescent ratio and cell motion changes were superimposed and averaged for each cell. Amplitude and width at 1r2 maximal amplitude of the averaged calcium transient were also determined for each cell at each pacing rate. From the signal averaged cell motion change, time to peak shortening and time to 90% relaxation were determined. Time to peak shortening was defined as the interval of time from onset of shortening to peak. For comparison between cells of each group, data from cells within a group were averaged and means compared.
Restitution and rest interÕal behaÕior -In order to probe handling of Ca in the two different cell types, i pacing paradigms investigating restitution of the Ca trani sient and contractile properties using S2 stimuli, as well as rest-interval dependent behavior, were completed in a sub-Ž . set of cells. In the first protocol restitution , a myocyte was first stimulated by a train of 10 S1 basic stimuli Ž . Ž . CL s 1500 ms followed by an extrasystolic stimulus S2 Ž which was given at various intervals S1-S2 varied be-. tween 100-3000 ms . Following the S2 and a subsequent 3000 ms rest period, the first post extrasystolic Ca tran- IZs. The degree of recovery at each S1-S2 interval was determined by dividing the ratio of peak S2 Ca transient i at each interval to the ratio of peak S2 Ca at S1-S2 i intervals 3000 ms. The time course was estimated by fitting data points to a single or biexponential function w x incorporating a delay using a simplex algorithm 38 . For cells from each group, best fit of data was determined by F test. In all cases, the extra parameters of the biexponential function did not improve the fit.
Because large post extrasystolic Ca transients were i Ž . observed to occur in IZs see Section 3 , a series of rest interval protocols were completed in a subset of cells from the two groups. In these protocols, S1 stimuli were deliv-Ž . Ž ered CL s 2000 ms , then a rest was given varying . between 3-20 s before the S1 train of stimuli was restarted. To compare the results from the two groups, both the peak Ca transient amplitude and maximal cell shortening of the i Ž . first post rest beat PES were normalized to the average value obtained from four S1 beats. In some of these experiments in cells from both groups, the effects of ryanodine on PES and subsequent beats were determined. Ž For these experiments aliquots of a ryanodine stock Agri-. systems International were added to the normal Tyrode's solution to obtain a final concentration of 4 mM.
Data are represented as mean " s.e.m. For multiple comparisons between groups an analysis of variance Ž . ANOVA was used. If F value suggested a difference, a modified t test with Bonferroni's correction was used. When average values were compared within a group, a paired t test was used. P -0.05 was taken as significant. Average data from all cells studied are shown in Table  1 . In NZs, an increase in pacing rate resulted in a significant increase in the amplitude of the Ca transient. 
Results
RepresentatiÕe fura-2 transients in NZs and IZs
. s pace . As a result, while the average width at 1r2 max of the transient was significantly different between the cells of the two groups at CL s 5 s, the differences were not significant at the more rapid rate. Clearly, IZ Ca transients i did not accelerate their relaxation time course with the increased pacing rate to the same extent as did the NZ Ca i transients.
Simultaneous fura-2 and cell motion in cells from the two groups
In a subset of cells from each group, fluorescence and cell shortening were monitored simultaneously during changes in the drive rate. Representative examples of changes in one NZ and one IZ are shown in Fig. 2 . In each panel the traces have been normalized to each other to emphasize time course differences. In all 11 NZs studied, pacing produced a reasonable Ca transient and concomi- produced an approximate doubling in maximal amount of cell shortening over the 5 s CL value. This was accompanied by a significant decrease in the time to peak of Ž . maximal shortening, and time to 90% relaxation Table 2 
upper .
Several differences in the relationship between Ca and i cell shortening were noted for IZs. First, for all IZs Ž . studied, only 5 of 19 cells 26% elicited any measurable degree of cell shortening at all pacing rates, despite the reasonable Ca transients observed. Therefore, the findings i relating to the frequency-dependent properties of cell shortening in IZs are limited to the data acquired from these myocytes. Second, in this subset of IZs, there was significantly less maximal cell shortening as compared to Ž . NZs, at all pacing cycle lengths Table 2 . Third, while there is a positive inotropic effect associated with an increase in rate in NZs, this relationship does not follow in the IZs. Rather, there is a 45% decrease in the average maximal cell shortening in IZs with increase in rate. While this did not achieve statistical significance, the trend was consistent with the fura-2 ratio data. As a result, the maximal shortening in IZs, at CL s 5 s, was approximately one half the corresponding NZ value and fell to less than one fifth of maximal shortening observed for NZs Ž . at CL s 1 s . Additionally, while there is a frequency-dependent acceleration in rate of relaxation of the twitch in NZs, this acceleration is blunted in IZs, with time to 90% relaxation only decreasing by 40% with the increase in rate. Again this less marked rate dependent acceleration of Ž . relaxation in IZs mirrors the fura-2 data Table 1 . At the most rapid pacing rate there is a significant decrease in the time to peak of maximal cell shortening in NZs but not in IZs. Notably then, the time to complete relaxation of the twitch outlasts the time course of the reduced Ca transient i Ž . in IZs Fig. 2, lower . 
Restitution and rest interÕal behaÕior
To probe further Ca handling, a pacing paradigm using i Ž . Ž . S2 stimuli was completed in NZs n s 10 and IZs n s 9 Ž . Fig. 3 . Typical responses of an NZ and IZ during a Ž restitution protocol are depicted. For the NZ Fig. 3, upper . panels , the shortest S1-S2 interval eliciting a response was at 500 ms, whereas for this IZ, it was only at the Ž S1-S2 s 680 ms when a response was observed Fig. 3 , . third panel . Thus, a direct comparison of the response to S2 at S1-S2 s 900 ms in the two different myocytes Ž shows the reduced Ca transient in the IZ Fig. 3 release channel open 40 , should accelerate Ca loss from the SR eventually leading to SR depletion. Illustration of the effects of ryanodine during a typical rest interval protocol in an NZ and IZ is shown in Fig. 7 . Note Ž . that in the absence of drug Ctrl , the first beat after rest was markedly potentiated in the IZ and not in the NZ as described above. A 5 min superfusion of both cells with ryanodine decreased overall Ca transient amplitude of i Ž . steady state beats by 12-15% in NZs, by 16-17% in IZs Ž . left side, Fig. 7 . More importantly, ryanodine decreased considerably the amplitude of the first beat post rest in the IZ. Presumably then in IZs, rest had resulted in an increase in SR Ca 2q available for release and thus potentiation. In the presence of ryanodine, stimulated beats occurring after the first post rest beat showed a gradual increase in Ca i amplitude as the NZ approached its new steady state. However, in the presence of ryanodine, subsequent beats in the IZ varied little in amplitude. These findings were identical in three other NZs and one other IZ.
Discussion
These results have provided the first description of the changes in Ca handling in myocytes that have survived in i the epicardial border zone of the infarcted heart. These myocytes provide the substrate for the initiation and perpetuation of reentrant ventricular arrhythmias in these w x hearts 23-25 . Others have reported changes in Ca hani dling in normal myocytes exposed to acutely ischemic, anoxic or metabolically compromised conditions w x 1,9,41,42 or those that have survived remote from the w x healed infarcted region of rat heart 20,21 . In many ways, our findings are similar but in important other ways, there are differences.
We have found that the response of the amplitude of the Ca transient to increase in pacing rate in IZs is opposite to i that which occurs in normal canine epicardial myocytes. In NZs, an increase in rate is associated with an increase in Ca transient amplitude, much like that which has been i Ž . observed for normal muscle myocytes from most other w x species 16,43-45 . The mechanism of this increase involves at least three processes: an increase of the L type Ž .
Ca current I
, an increase in diastolic Ca and increase ATPase has had sufficient time to fill the SR, andror the SR Ca 2q release channel has recovered and is ready for release.
Importantly, we found in these studies that, despite the reasonable, albeit smaller, amplitude Ca transients in IZs, i little or no cell shortening existed. In the small number of IZs where cell shortening was observed, the degree of shortening was markedly reduced, the time to peak of twitch and to 90% relaxation were markedly prolonged over control. In 74% of IZs, no cell shortening was observed. Similar findings of blunted cell shortening were reported for myocytes from the remote regions of 3 week w x infarcted rat heart 20 . The reason for the lack of cell shortening in IZs is unknown at this time but may be related to dramatic alterations in excitation-contraction coupling at the level of contractile element activation andror to an altered production of microtubules. Recently, mechanical alterations of myocyte contractility in experimental hypertrophy models have been related to quantitaw x tive changes in tubulin proteins 47-49 .
It is possible that the NZ and IZ cells do not handle the AM form of the fluorescent indicator identically, and this contributes to some of the quantitative findings of this study. Indeed, a comparison of the diastolic ratio values in Ž . the two populations Table 1 might lead to the conclusion that diastolic Ca is actually lower in cells from the i infarcted heart. This is not necessarily the case given the uncertainty of the K of fura-2 in the cytosol of NZ and IZ d Ž w x. cells see 36 , and preliminary data from our laboratory w x 50 using fura-2 pentapotassium salt dialyzed into the cells suggest that in fact the IZs have an elevated diastolic ratio value when compared to NZs at rest. Despite the potential problems of the handling of the fura-2rAM, the qualitative conclusions of this study indicating fundamental differences in Ca handling in the two populations are i valid.
Physiological implications of findings
The handling of intracellular Ca 2q in myocytes that have survived in the epicardial border zone is very different from that of normal epicardial myocytes. This suggests that there could exist marked heterogeneity in Ca hani dling in the cells of the EBZ in the in situ healing infarcted Ž heart. Thus, activation of Ca -dependent processes i.e. 
